Kaolin from the Buwambo deposit, located about 27 km north of Kampala (Uganda), has been analyzed for its mineralogical and chemical composition. The kaolin is derived from granite of the basement, which is exposed due to deeply weathered Buganda-Toro cover rocks. Kaolinite is the dominant mineral, with quartz and muscovite/illite as accessory minerals. Chemical data show that the kaolin is composed mainly of SiO 2 and Al 2 O 3 , with the other oxides being present in trace amounts. The depletion in Ti, Fe, Mn, Mg, Ca, Na, and K not only shows the extent of the kaolinization, but also gives Buwambo kaolin its almost white color. The kaolinization and weathering processes have enriched Ni and depleted other trace element contents in the Buwambo kaolin. The chondrite-normalized rare earth element (REE) patterns show enrichment in the light REEs, with a negative Ce anomaly. The REE pattern and the content of the other trace elements, show evidence of alteration and weathering processes related to kaolinization. The mineralogical and chemical compositions indicate that the kaolin is suitable for industrial use.
INTRODUCTION
In the last decade, the kaolin industry has encountered difficult times due to over-production in Europe and the USA (Roskill, 1996) . The emergence of major new high-quality kaolin sources in Brazil and Australia, and the constantly increasing supply of low-grade materials, has also affected the market. However, with increasing and new industrial applications of kaolin, any strategically located promising deposit is worth exploiting, especially so in the developing world.
Kaolin is one of the most valuable, versatile, and widely used industrial minerals. Although most important in papermaking, kaolin is used extensively in the ceramics, rubber, paint, plastics, and pharmaceutical industries (Murray, 1991; Bundy, 1993) . In Uganda, although kaolin depos-
GEOLOGY
The location of the Buwambo kaolin deposit is shown in Fig. 1 . The Buganda-Toro System comprises a thin cover of overburden above this deposit. Rocks of the Buganda-Toro System, composed dominantly of cleaved, fine-grained sandstone, slates, phyllites and schists, quartzites, muscovite-biotite gneisses, and subordinate schist that locally contain cordierite, overlie the Buwambo area. A large proportion of the rocks of the Buganda-Toro System, around the Buwambo area, have been eroded, exposing Basement rocks, which consist of undifferentiated gneisses with some later granites associated with some migmatized Buganda-Toro rocks. The Buwambo Uganda, Kampala sheet NA 36-14 (Geological Survey, Uganda, 1962) . The inset is a map of Uganda with the general location of the clay deposits. kaolin was, therefore, derived from weathered granites of the Basement that were exposed when the Buganda-Toro rocks were removed by erosion. Granites weather readily to kaolinite and quartz under favorable conditions, which include high rainfall, rapid drainage, tropical climate, a low water table, and an adequate water supply to leach the soluble components (Murray and Keller, 1993) . Kaolin is, in general, derived from altered feldspars and muscovite. Harris (1946) showed that the rock from which the feldspar, which altered to the Buwambo kaolin, was a mediumgrained granite, with 60 vol% feldspar. The kaolinized rock has been discolored by ground water and a relatively small proportion of it remains white.
Fig. 1. Generalized geological map, showing the location of Buwambo and Migade kaolin deposits, after the geological map of

Description of Buwambo kaolin deposit
The Buwambo kaolin deposit is located about 27 km north of Kampala along the Kampala-Gulu road, less than 1 km to the east of the main road within the Bombo area (Fig. 1) Department, 1959) . Presently, open pit-mining activities are carried out below a 0.5-1.5-m-thick soil cover. Kaolinitized rock is visible in an area of at least 50 m by 100 m across, but it may cover a much larger area. The kaolin reserve at Buwambo was estimated to be at least 50000 m 3 by Pekkala and Katto (1994) , but could be much larger.
Field observation
The Buwambo hill as a whole is a granite, weathered and partly kaolinitized on top. As a whole, the occurrence is composed of quartz, kaolin, feldspar, and muscovite, with secondary iron hydroxide staining in fissures and cavities, which are more frequent within the topmost 2 m. Muscovite mica is scattered through the kaolin in tiny Murray and Keller (1993) ; pure kaolin data from Newman and Brown (1987) .
flakes. Quartz also occurs in veins, 2-10 cm wide and as lenses up to 0.5 m across, it is mostly grayish in color. The kaolin body is intimately penetrated by reddish veins, which probably mark groundwater passages.
SAMPLES AND METHODS
For this study, 12 kaolin samples from Buwambo and 6 from Migade were analyzed. Six Buwambo and three Migade samples were selected for X-ray fluorescence (XRF) spectrometry analysis. The samples were collected at an average depth of 4 m from the top of the open pit and at a regular spacing of a few meters horizontally. Sample preparation, as well as major and trace element analysis, by X-ray fluorescence spectrometry and instrumental neutron activation analysis, and mineralogical studies by X-ray diffraction, were done as described by Nyakairu and Koeberl (2001) .
RESULTS
Mineralogy
The main minerals identified by XRD in the kaolin deposits are kaolinite [Al 2 Si 2 O 5 (OH) 4 ], quartz and illite/muscovite, with minor amounts of feldspars ( Fig. 2 ; Table 1 ). Kaolinite alone comprises about 74-93 wt.% of all analyzed samples. The similarity in mineralogical composition of the Buwambo and Migade kaolins shows that these two deposits were probably derived from the same source rocks, and also may indicate a similar extent of kaolinization. The low feldspar content shows the weathering extent source rocks have undergone (cf., Mongelli and Moresi, 1990) . Table 1 shows the chemical composition of selected kaolin samples from the Buwambo and Migade deposits. For comparison compositional data of kaolin from the U.K. Nagudi et al., 2000) . The kaolins all show alumina enrichment and depletion in the other oxides. Note the Ni enrichment in all kaolins. (Murray and Keller, 1993) are included. The Singo granite (Nagudi et al., 2000) occurs in western central Uganda and was derived from the Basement rocks, hence, is assumed to be similar in composition to the granite rocks from which the kaolins studied were derived, and is the only such rock formation in Uganda for which detailed major and trace element data are available. The major element distribution reflects the mineralogy of the kaolin samples. (Figs. 3(c) and (d) ). Scandium, Cr, Co, Zn, Rb, Sr, Y, Zr, Nb, Sb, Cs, Ba, and U show concentrations below the abundances for the Singo granite, probably due to weathering and kaolinization processes. This is in agreement with studies by Nesbitt et al. (1980) and Wronkiewicz and Condie (1987) , who conclude that smaller cations, such as Na, Ca, and Sr, are selectively leached from weathering profiles, whereas cations with relatively large ion radii, such as K, Cs, Rb, and Ba, have been fixed by preferential exchange and adsorption on clays. Chromium, Co, Ni, V, Sc, and Cs are mainly concentrated in clay Nagudi et al. (2000) and (c), (d) : C1 chondrite data from Taylor and McLennan (1985) . The kaolins show a general LREE enrichment with a Ce negative anomaly. minerals, whereas Ni, Co, and especially Cr other factors may control their distribution (Nesbitt, 1979) . Nickel is enriched in all the kaolin samples. In terms of trace element contents, the two kaolin deposits are very similar. The differences between the trace element contents in the Buwambo and Migade deposits are so small that it seems that the deposits were derived from parent rocks with similar chemical and mineralogical compositions.
Geochemistry Major elements
Fig. 3. Plots of: (a), (b) major element oxides; (c), (d) trace elements of Uganda kaolin samples normalized to Singo granite (data from
The effects of kaolinization and weathering are evident in the variable total REE contents of the kaolins ( Table 2 ). The REE abundances normalized to Singo granite and chondritic values are shown in Figs. 4(a)-(d) . The kaolins in general show uniform REE patterns, being more enriched in LREE compared to the HREE. The kaolin samples show a distinct negative Ce anomaly, which is a result of weathering (see below).
SUITABILITY FOR CERAMIC APPLICATIONS
An assessment of possible ceramic applications of Buwambo and Migade kaolins, was carried out by comparing its composition with the kaolins commercially marketed in Europe (cf., Ligas et al., 1997) . Figure 5 shows a comparison of the Ugandan kaolin major element composition with those of commercially used kaolins from Europe. This plot indicates that the Uganda kaolins have a higher sand component compared to those from Latium (Italy). In contrast, the mineralogical composition diagram (Fig. 6) shows a closer similarity to high quality kaolins from Germany and the U.K. This comparison indicates that the Uganda kaolins have a potential for high quality industrial use.
DISCUSSION
The mobility of chemical elements in natural environments depends largely on their redox potential and the pH of water. Chemical weathering, such as kaolinization of rocks, usually starts in a weakly acidic environment, but liberation of alkalis and alkali earths' results in a rapid increase of the pH. Alkalis and alkali earths are quickly removed from the kaolinization environment, thus the last stages of kaolinization proceed in acid environment. This change, from slightly acid to strongly alkaline, and finally to acid conditions is, of primary importance for the migration of several chemical elements in the course of kaolinization. Progressive weathering and Ligas et al., 1997) .
Fig. 5. Ternary SiO 2 /Al 2 O 3 /total oxides diagram of Uganda kaolins compared to several European commercially marketed kaolins (data from
kaolinization of the granite lead to decomposition of all minerals except quartz in the Buwambo deposit. The decrease in the SiO 2 content relative to the Singo granite shows an advanced stage of kaolinization for the Buwambo kaolinite, as the solubility of quartz increases in an alkaline environment (Garbarino et al., 1994) . Successive decreases in the SiO 2 , MnO, MgO, P 2 O 5 , and more so in the Fe 2 O 3 , TiO 2 , CaO, Na 2 O, and K 2 O concentrations shows their higher mobility. The reduction in these oxides is compensated by enrichment in Al 2 O 3 and higher LOI.
The presence of TiO 2 , Fe 2 O 3 , and MnO has a negative effect on the quality of Buwambo kaolin. In kaolins, Ti occurs in small amounts, mainly in the form of anatase, which in finely dispersed form is difficult to determine by XRD (Fischer, 1984) . However, during weathering and kaolinization small amounts of Ti enter the kaolinite structure (Murray and Keller, 1993) and it enhances the coloring effect of iron in kaolins (Fischer, 1984) . In the Buwambo kaolin, iron occurs in form of hydrated oxides adsorbed on small kaolin grains and in secondary iron minerals formed in the course of weathering and kaolinization. In small amounts iron enters the kaolinite structure and replace aluminum in the octahedral layer (Murray and Keller, 1993) . The MnO content in Buwambo kaolin may be correlated to biotite, hornblende, and, to some extent in other iron-bearing minerals. During weathering and kaolinization, Mn is easily oxidized to Mn 4+ and immobilized in the form of oxides, along with the rise in pH. In a high reducing environment, Mn enters the structure of carbonates, in which Mn 2+ may replace Fe 2+ . However, in an acid environment, Mn is leached during kaolinization.
Similarly, trace element contents in both Migade and Buwambo kaolins decrease with increasing extent of weathering and kaolinization (Fig. 3) compared to the Singo granite. The higher concentration of Ni in the kaolin samples may be due to the mobilization of iron oxide. Trace elements are liberated from primary structures during granite weathering and kaolinization processes and are subsequently removed from the rocks.
Leaching of these elements in Buwambo deposit proceeded at varying rates, depending on the resistance of the elements-bearing minerals to weathering, kaolinization, and on physico-chemical conditions (e.g., pH, Eh). Assuming that weathering proceeded under similar chemical conditions in the Buwambo and Migade deposits, the difference in the elements composition in the kaolin deposits resulted by kaolinization process. Strontium is more concentrated than Ba in all samples. Strontium is mostly bound in plagioclase, where it replaces Ca. Barium has a behavior similar to that of K, and is mostly concentrated in Kfeldspars and micas. Both Ba and Sr are easily mobilized during weathering and are readily removed from the environment, but leaching of Sr starts much earlier and is more intense. Calcium and K are almost completely removed by weathering, but significant amounts of Sr and Ba, which have a close affinity to these elements, remain in the kaolin. Presumably Sr and Ba are partly adsorbed by clay minerals or were added to a small extent by downward percolating solutions.
Potassium, Rb, and Cs are mainly hosted in micas and K-feldspar (Heier and Billings, 1970) , thus alteration of these minerals will dominate the fractionation of these elements. Rubidium has a trend comparable with that of Nb and V and it is less mobile than K, whose behavior it generally follows. This has been explained in that Rb, in contrast to K, is preferentially retained in weathered illite (Garrels and Christ, 1965) , but Nb and V are less mobile (Middelburg et al., 1988) . The concentration of these elements in the Buwambo kaolin is controlled by the phyllosilicates. Feng and Kerrich (1990) noted that Cr, Co, Ni, Ti, and V behave similarly during magmatic processes, but cautioned that they may be fractionated during weathering. The high Ni content in the kaolins is related to its being easily mobilized during weathering (cf., Turekian, 1978) . Scandium has been slightly concentrated in the kaolin during kaolinization compared to other trace elements. The tendency of Cr to be removed is probably related to Cr 4+ oxidation, soluble as chromate ion (Marsh, 1991) . Thorium and U behave differently during weathering, in that U, unlike Th, is chemically mobile as U 6+ and is precipitated as insoluble U 4+ compound. Thorium and U are mainly accommodated in some heavy minerals, such as zircon, which are resistant to weathering. The low trace elements contents in the Buwambo kaolin samples in comparison to Singo granite can be accounted by their clay mineralogy with noticeable quantities of kaolinite, in addition to the fact that these elements are preferentially fixed by illite as K 2 O reveals. However, the kaolinite percentages in kaolin samples constitute an additional evidence of intensity of weathering and kaolinization extent.
The Singo granite-normalized REE patterns (Fig. 4) show LREE enrichment, a slight positive Eu and a negative Ce anomalies, and HREE depletion in the Buwambo kaolin with the exception of BW-3 and BW-9 samples showing higher contents. Compared to Buwambo kaolin, Migade kaolin shows no Eu anomaly. The chondrite-normalized REE patterns of the kaolins are identical with LREE enrichment, a negative Ce anomaly and HREE depletion with samples BW-3 and BW-9 showing higher contents. However, Migade kaolin shows more REE contents than Buwambo samples. The LREE enrichment reflects the results of extreme weathering while the slight positive Eu anomaly is due to plagioclase or orthoclase presence in the kaolin samples. Weathering causes fractionation between LREE-HREE and between Ce and other REE. The REE are released from primary minerals and taken up by the secondary phases during kaolinization. The REE are leached by local meteoric waters from the upper levels of the profiles and concentrated in deeper zones, probably in the form of complexes, or by mechanical transport of secondary phases (clay minerals and oxides) (cf., Prudencio et al., 1989) . However, Ce has a different behavior, as it may be partly oxidized to Ce 4+ , which is retained in the upper levels of the soil profile relative to the other trivalent REE. This accounts for the observed negative Ce anomalies displayed in the Buwambo kaolin samples. Although kaolinite accommodates the REE (Prudencio et al., 1989) , and particularly the LREE (Nesbitt, 1979) , a basic pH environment is also known to fractionate LREE-HREE, as the HREE are preferentially retained in solution, where they form soluble complexes (Cantrell and Byrne, 1987) .
However, some trace elements and the LREEs are extremely concentrated in the kaolin samples. For example, BW-3 and BW-9 shows extraordinarily high concentrations of Sr, Ba, Zr, Y, LREE, and P 2 O 5 . The high concentrations of the LREEs and P 2 O 5 in these samples strongly suggest control by phosphate minerals, such as apatite and monazite, during weathering and kaolinization processes. The high Zr and Y contents are associated with heavy minerals such as zircon although the zircon content hardly explains the low abundance of Hf. The high level of Sr in the samples is due to the uptake of Sr in magnesite and aragonite lattice. High Ba content is due to the presence of feldspar and clay contents. However, their distributions are not only controlled by zircon, clay minerals, or phosphates, but a rather combination of these minerals. The LREEs enrichments in the Migade kaolin show that the Migade kaolin has undergone more weathering and has been kaolinitized to a greater extent.
CONCLUSIONS
Kaolinite is the dominant mineral in the Buwambo and Migade kaolins, followed by quartz, with muscovite/illite as accessory minerals. The chemical composition of the kaolin is essentially SiO 2 and Al 2 O 3 , with minor amounts of TiO 2 , Fe 2 O 3 , MnO, MgO, K 2 O, and P 2 O 5 . The decrease in SiO 2 content relative to the Singo granite indicates kaolinization in alkaline environment, and Al 2 O 3 has remained immobile. As TiO 2 , Fe 2 O 3 , MnO, and MgO are known to negatively affect the kaolin color, the Buwambo and Migade kaolins have almost a white color. The loss in MgO, CaO, Na 2 O, and K 2 O indicate the extent to which kaolinization of the Buwambo kaolin has undergone. The kaolin samples from Buwambo are quite pure and are virtually equal to the chemical composition of pure kaolinite. From chemical and mineralogical composition, Buwambo and Migade kaolins are suitable for the production of earthenware, sanitary, white ware, and electrical insulators production.
Compared to average source rock abundances, e.g., the Singo granite, the Buwambo and Migade kaolins are depleted in all trace elements and only Ni shows an enrichment. Assuming uniform weathering conditions, Ni has been concentrated by the kaolinization process. The Singo granite normalized REE patterns shows LREE enrichment, with a slight positive Eu and a negative Ce anomalies for the Buwambo kaolin. The chondrite normalized REE patterns, however, show little change, except a slight LREE enrichment and a negative Cerium anomaly. The Migade kaolin has undergone a higher degree of weathering and kaolinization than the Buwambo kaolin.
